INTRODUCTION {#sec1}
============

The trace metal mercury (Hg) is a widespread global pollutant with a \>4-fold increase in atmospheric emissions since antiquity ([@B1]). While all forms of Hg are toxic, the neurotoxin monomethyl Hg (MeHg) poses the most health risks due to its toxicity and biomagnification in food webs ([@B2]). MeHg production in nature is predominantly microbial ([@B3]) and is limited to strictly anaerobic microorganisms ([@B4], [@B5]). Methylation has commonly been tied to microbial sulfate reduction ([@B6][@B7][@B8]), but only a subset of sulfate-reducing microbes are capable of Hg methylation ([@B4], [@B9]). Hg methylation has also been linked to methanogenesis ([@B10], [@B11]) and Fe(III) reduction ([@B12], [@B13]) in particular locations. However, within these latter groups, only Geobacter spp. and hydrogenotrophic or methylotrophic Methanomicrobia species contain the necessary genes ([@B4]). Hence, the relative importance of individual strains, or even of groups of microbes, in MeHg production in nature remains poorly constrained.

The recent discovery of the first genes, *hgcA* and *hgcB*, linked to Hg methylation provides the foundation for evaluating the distribution of Hg-methylating microorganisms in nature. The conserved gene pair (*hgcAB*) was identified by comparative genomics and shown by genetics to be essential for converting Hg(II) to MeHg ([@B14]). Every tested Hg-methylating species has the gene pair (*hgcAB*^+^), which is absent (or heavily altered) in all nonmethylators ([@B4], [@B14]). These observations suggest that *hgcAB* distribution could be used to predict the distribution of Hg methylators in nature and that measurement of the genes and their expression could be used to predict the potential for Hg methylation. Several primer sets have been designed to screen for *hgcA* alone or the *hgcAB* gene pair using PCR-based amplification and have been tested in temperate soils ([@B15]), rice paddy soils ([@B16]), wetlands ([@B15], [@B17]), and chloralkali plant runoff ([@B18]). In each case, primer sets were designed based on genomic DNA (gDNA) *hgc* sequences from a small subset of the known Hg-methylating microorganisms, most commonly Deltaproteobacteria. Perhaps because these primers amplify *hgcA* or *hgcAB* from only a subset of Hg methylators, there has been limited success to date in linking Hg methylator distribution to environmental processes. The advent of more efficient and comprehensive molecular probes for Hg methylation genes will provide a first look at the distribution of these organisms among environments. Further development of molecular approaches for gene expression should provide an important improvement upon current tools for measuring Hg methylation potential (e.g., Hg isotope tracer studies \[[@B19]\]) that are slow, are costly, and provide no information on the organisms involved in the process.

Here, we detail the development and validation of primer sets to detect and quantify *hgcAB*^*+*^ organisms in the environment based upon the full set of currently available Hg methylators with sequenced genomes. We developed a broad-range degenerate PCR primer set that spanned both genes (*hgcA* and *hgcB*). The *hgcAB* primer set was designed to provide the most comprehensive possible coverage and confirmation of *hgcAB*^*+*^ species, since both genes are required for biological Hg methylation ([@B14]). We used 84 *hgcAB* genomes and 31 reference strains (more than double the numbers used in previous studies) to obtain a more complete representation of *hgcAB* diversity ([@B4]) and limited PCR primer degeneracy for improved accuracy. We also developed quantitative PCR (qPCR) primers to separately quantify *hgcA*^*+*^ in Deltaproteobacteria, Firmicutes and Archaea. Due to qPCR limitations and the lack of conserved sequence areas, *hgcAB* qPCR was not possible, so we targeted the *hgcA* active site and highly conserved adjacent regions. Finally, to begin to evaluate the utility of our primer sets, we tested *hgcA* and *hgcAB* recovery from sand and sediment amended with *hgcAB*^+^ pure cultures.

MATERIALS AND METHODS {#sec2}
=====================

Pure culture strains, culturing, media, and sample collection. {#sec2-1}
--------------------------------------------------------------

Thirty-one strains with published genomes (13 Deltaproteobacteria, 9 Firmicutes, and 9 methanogenic Archaea) were used in primer development and testing and assayed for the presence and abundance of an *hgc*-specific amplicon. All microorganisms either had *hgcAB* in their genome or were closely related to the Hg-methylating strains and were selected as negative controls (see Table S1 in the supplemental material). Strains were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (<https://www.dsmz.de>) culture collection and other sources (see Table S1 in the supplemental material). Cultures were grown anaerobically in the media and conditions listed. Additional modifications to growth conditions are described in the text in the supplemental material for select cultures: Desulfovibrio inopinatus (Dv. inopinatus), Ethanoligens harbinense, Methanospirillum hungatei, Methanofollis liminatans, Methanocorpusculum bavaricum, Methanosphaerula palustris E1-9c, and Methanocella paludicola SANAE. Culture stocks were stored in 10% (vol/vol) glycerol at −80°C, and purity was checked by 16S rRNA sequencing. DNA was isolated from fresh cultures and frozen cell pellets.

Pure culture gDNA was extracted with a Wizard genomic DNA purification kit (Promega, Madison, WI) according to the manufacturer\'s Gram-positive protocol or with the PowerLyzer Powersoil kit (MoBio, Carlsbad, CA) with a TissueLyser (Qiagen, Valencia, CA) for the cell disruption step. Typically, samples were obtained from 1 × 10^8^ to 1 × 10^9^ pelleted stationary-phase cells (fresh or frozen). The pellets were washed twice with equal volumes of 50 mM Tris-HCl (pH 8). Final DNA concentrations for PCR/qPCR method development were measured with Qubit (Thermo Fisher Scientific, Waltham, MA) (see Table S1 in the supplemental material). Nanodrop ND-1000 (Thermo Fisher Scientific) measurements of *A*~260~/*A*~280~ and *A*~260~/*A*~230~ ratios were used to assess purity (see Table S1 in the supplemental material).

Development and testing of a broad-range qualitative *hgcAB* primer set. {#sec2-2}
------------------------------------------------------------------------

Several degenerate primers were designed and tested (see Table S2 in the supplemental material). The putative *hgcAB* gene sequences (identified in 84 strains, including 47 Deltaproteobacteria, 22 Firmicutes, 13 Archaea, and 2 currently unclassified strains) were retrieved from the National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov>) and aligned with MUSCLE ([@B20]). The initial alignment was manually refined in AliView v1.17 ([@B21]) ([Fig. 1](#F1){ref-type="fig"}) and separately with Clustal X2 ([@B22]). The forward primer primer-binding region was positioned across the highly conserved *hgcA* cap-helix motif. The reverse primer was positioned across the highly conserved *hgcB* ferredoxin-type iron-sulfur binding domain. Primers were designed to amplify an ∼950-bp region across *hgcA* and *hgcB* and are illustrated in [Fig. 1](#F1){ref-type="fig"}. Final primer degeneracy was kept below 48-fold to limit nonspecific amplification or heterologous dimerization ([Table 1](#T1){ref-type="table"}). Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA) or Eurofins Genomics (Huntsville, AL).

![Schematic representation of primer locations within *hgcAB* relative to Dv. desulfuricans ND132. Sequence consensus at each base position among ≥80 *hgcAB*^+^ microorganisms, including Deltaproteobacteria, Firmicutes, and Archaea. Position 1 corresponds to the GTG putative start codon for *hgcAB*. Arrows indicate primer positions for the broad-range *hgcAB* qualitative and the clade-specific *hgcA* quantitative PCR pairs. Base pair positions indicated for A ([@B15]), B ([@B16]), and C ([@B17]) in the figure are the locations of the forward and reverse primers from previous studies. D refers to the location of the broad-range *hgcAB* primer set designed in this study. The clade-specific qPCR primers designed in this study are annotated by their respective clade.](zam9991174150001){#F1}

###### 

List of final primers

  Primer name            Sequence[^*c*^](#T1F3){ref-type="table-fn"}   Start[^*a*^](#T1F1){ref-type="table-fn"} (5′) (bp)   Stop[^*a*^](#T1F1){ref-type="table-fn"} (3′) (bp)   Length (bp)   Primer melting temp (^o^C)   Degeneracy (fold)   Amplicon length (bp)                            Primer concn (nM)   Avg detection limit (copies)
  ---------------------- --------------------------------------------- ---------------------------------------------------- --------------------------------------------------- ------------- ---------------------------- ------------------- ----------------------------------------------- ------------------- ------------------------------
  ORNL-HgcAB-uni-F       5′-AAYGTCTGGTGYGCNGCVGG-3′                    268                                                  287                                                 20            58.1--68.3                   48                  818--1,020[^*b*^](#T1F2){ref-type="table-fn"}   1,000               1 × 10^6^
  ORNL-HgcAB-uni-R       5′-CABGCNCCRCAYTCCATRCA-3′                    167                                                  148                                                 20            57.3--66.0                   96                  1,000                                                               
  ORNL-Delta-HgcA-F      5′-GCCAACTACAAGMTGASCTWC-3′                   181                                                  201                                                 21            52.9--56.3                   8                   107                                             250                 2 × 10^5^
  ORNL-Delta-HgcA-R      5′-CCSGCNGCRCACCAGACRTT-3′                    287                                                  268                                                 20            60.7--68.3                   32                  250                                                                 
  ORNL-SRB-Firm-HgcA-F   5′-TGGDCCGGTDARAGCWAARGATA-3′                 444                                                  466                                                 23            53.6--62.5                   72                  167                                             250                 2 × 10^5^
  ORNL-SRB-Firm-HgcA-R   5′-AAAAGAGHAYBCCAAAAATCA-3′                   610                                                  590                                                 21            45.5--53.8                   18                  250                                                                 
  ORNL-Archaea-HgcA-F    5′-AAYTAYWCNCTSAGYTTYGAYGC-3′                 184                                                  206                                                 23            48.9--61.6                   512                 125                                             500                 2 × 10^4^
  ORNL-Archaea-HgcA-R    5′-TCDGTCCCRAABGTSCCYTT-3′                    308                                                  289                                                 20            54.0--64.7                   72                  250                                                                 
  ORNL-D-ND132-F         5′-GCCAACTACAAGCTGACCTTC-3′                   181                                                  201                                                 21            56.0                         1                   107                                             250                 1 × 10^2^
  ORNL-D-ND132-R         5′-CCCGCCGCGCACCAGACGTT-3′                    287                                                  268                                                 20            68.3                         1                   250                                                                 

Start and stop position correspond to *hgcA* or *hgcB* nucleotide sequence of Dv. desulfuricans ND132. Only ORNL-HgcAB-uni-R is in *hgcB*.

Typical amplicon length range for those strains examined and tested in this study.

Y = C/T, N = A/T/C/G, V = A/C/G, B = C/G/T, R = A/G, M = A/C, S = C/G, W = A/T, D = A/G/T, H = A/C/T.

Prospective primers were tested iteratively on gDNA extracted from several control strains containing or lacking *hgcAB*. Combinations of up to 21 forward and 19 reverse primers were tested (see Table S2 in the supplemental material) with the goal of amplifying a single DNA band from *hgcAB*^+^ cultures without false positives. For optimization, multiple enzymes were tested; the two described in detail are platinum *Taq* DNA polymerase (Thermo Fisher Scientific) and Apex TaqRed (Genesee Scientific, San Diego, CA). Both of these enzymes worked well for this application in our hands. PCRs were set up according to the manufacturer\'s protocol and processed on a Mastercycler Pro (Eppendorf, Hauppauge, NY) or PTC-200 thermal cycler (MJ Research, St. Bruno, QC, Canada). Once selected, the final primer set and protocol were tested against all 31 microorganisms with the chosen reaction conditions. The final protocol is, in brief, a 20-μl reaction mixture prepared for each strain containing 1 × 10^6^ copies of gDNA, 1 μM each primer, and specified reagents provided with each enzyme. Lower gDNA copy numbers were also examined to determine detection limits (data not shown). A touchdown step was necessary to accommodate the range in melting temperatures for both the forward and reverse primers (58.1 to 68.3°C and 57.3 to 66.0°C, respectively) (see Tables S3 and S4), such that a single ∼950-bp product was observed and to avoid the production of a smeared product at 0 to 500 bp. Amplification was initiated with preincubation (2 min at 98°C), 5 cycles of denaturation (30 s at 98°C), annealing (30 s at 68°C; −1°C/cycle), and extension (30 s at 72°C), followed by 30 cycles of denaturation (30 s at 98°C), annealing (30 s at 63°C), and extension (60 s at 72°C) and a final incubation step (2 min at 72°C) (see Table S5 in the supplemental material). The initial 5 cycles facilitated gDNA binding with a greater GC content, i.e., Deltaproteobacteria, while limiting nonspecific amplification. The second, lower, annealing temperature allowed for gDNA priming from the remaining strains. Selection of the final primer set and protocol was based on iterative testing of pure cultures, described in more detail in the text in the supplemental material.

Amplification products were subjected to electrophoresis to check for a band at the expected size. For products amplified with platinum *Taq* DNA polymerase, 18 μl was mixed with 2 μl of 10× loading dye (Thermo Fisher Scientific) and subjected to electrophoresis (85 V, 120 min) in 1% (wt/vol) agarose gels. Products amplified with Apex TaqRed were added directly to the gel. To confirm the correctly sized (∼950 bp) PCR product was *hgcAB*, the gel band was isolated and purified with Wizard SV gel and the PCR clean-up system (Promega), Sanger sequenced with the degenerate primers for both strands at the University of Tennessee Molecular Biology Resource Facility, and aligned to known *hgcAB* sequences (data not shown).

Development of quantitative clade-specific *hgcA* primer sets. {#sec2-3}
--------------------------------------------------------------

Quantitative clade-specific degenerate *hgcA* primer sets were designed for each of the three phylogenetic clades ([Table 1](#T1){ref-type="table"}). A lack of conserved regions in the sequences immediately upstream and downstream from the gene junction meant that it was not possible to design a primer set that would amplify across *hgcA* and *hgcB*. Additionally, the spacer between *hgcA* and *hgcB* varies in length among organisms, and, in rare cases, the gene pair is not adjacent along the chromosome. We chose a SYBR green-based approach rather than TaqMan due to limited conserved sequences within *hgcAB* to create an additional probe. These primer sets were designed in a similar manner as the broad-range *hgcAB* primers, except that the desired amplicon was 100 to 200 bp and the primer sequences were designed to maximize clade specificity. To provide clade selectivity and specificity, *hgcA* primers were designed within the conserved cap-helix and transmembrane regions and iteratively tested on gDNA from our 31 cultures. Combinations of typically up to 10 forward and 10 reverse primers were tested for each clade (see Table S2 in the supplemental material). For these primer sets, the goal was amplification of a single PCR product from the highest percentage of *hgcAB*^+^ cultures within each target clade, without false positives in *hgcAB*^+^ cultures from other clades, and without any PCR product from microorganisms lacking *hgcAB*. To limit false positives, either from nonspecific amplification or heterologous dimerization, our goal was to limit the degeneracy for each primer to 72-fold, but this was not possible in every case. The minimum information for publication of quantitative real-time PCR experiments guidelines, or the MIQE guidelines ([@B23], [@B24]), were followed during the design and optimization process.

Primer testing at Oak Ridge National Laboratory (ORNL) was done with iQ SYBR green supermix (Bio-Rad, Hercules, CA) according to the manufacturer\'s protocol on a C1000 Touch real-time PCR detection system. Data were analyzed with CFX Manager (version 3.1; Bio-Rad) by single-threshold analysis and/or with the curve fit to regression for comparison ([@B25][@B26][@B27]). Primer testing at the Smithsonian Environmental Research Center (SERC) was performed on a ViiA 7 real-time PCR system (Applied Biosystems) and analyzed with the associated software. For each strain and clade-specific primer set, a standard curve (seven 4-fold serial dilutions, 2.5 × 10^6^ to 1.5 × 10^2^ gDNA copies per reaction) was generated to calculate primer efficiency (*E* = 10^(−1/slope)^), where the slope of the line is derived from the standard curve and %*E* = (*E* − 1) × 100. In brief, 5 μl of specified gDNA (5 × 10^5^ to 3 × 10^1^ copies per μl) was loaded in triplicate to 12-tube strip tubes or 96-well low-profile plates and dried at 50°C for ∼30 min, followed by the addition of a 20-μl aliquot of clade-specific master mix. Bovine serum albumin (New England BioLabs, Inc., Ipswich, MA) was included in some reactions. For all qPCRs, the fluorescent signal was acquired after each extension step. The melt curve protocol included annealing at the extension temperature and melting at a ramp rate of 0.5°C/5 s up to 95°C, with the fluorescent signal acquired continuously during the melt curve. For each triplicate PCR, one sample was subjected to electrophoresis through a 3% (wt/vol) agarose gel (85 V, 90 min).

Selected reaction conditions for each primer set. {#sec2-4}
-------------------------------------------------

The final and optimized amplification protocols for each clade are described in Table S5 in the supplemental material. For Deltaproteobacteria-specific qPCR, the amplification protocol was initiated with a 3-min preincubation at 95°C and 30 cycles of denaturation (15 s at 95°C) and annealing plus extension (20 s at 65°C). The final forward (ORNL-Delta-HgcA-F) and reverse (ORNL-Delta-HgcA-R) primer concentrations were each 250 nM. For Firmicutes-specific qPCR, the amplification protocol was initiated with a 3-min preincubation at 95°C and 30 cycles of denaturation (10 s at 95°C), annealing (10 s at 47°C), and extension (60 s at 58°C). The final forward (ORNL-SRB-Firm-HgcA-F) and reverse (ORNL-SRB-Firm-HgcA-R) primer concentrations were each 250 nM. For methanogenic Archaea-specific qPCR, the amplification protocol was initiated with a 3-min preincubation at 95°C and 30 cycles of denaturation (30 s at 95°C), annealing (10 s at 50°C), and extension (60 s at 55°C). The final forward (ORNL-Archaea-HgcA-F) and reverse (ORNL-Archaea-HgcA-R) primer concentrations were 500 nM and 250 nM, respectively. For the Archaea, the high degree of primer degeneracy due to poor *hgcAB* sequence conservation required a forward primer with 512-fold degeneracy but allowed for inclusion of most Archaea tested. However, nonspecific amplification was observed from non-Archaea gDNA templates after the 30-cycle cutoff.

Environmental amendment experiment. {#sec2-5}
-----------------------------------

As a first assessment of primer efficacy and specificity in natural samples, the recovery of *hgcA* from *hgcAB*^+^ cultures spiked into clean sand and a natural sediment was evaluated. Both matrices were amended with known cell densities of one culture from each *hgcAB*^+^ clade. Fine sea-sand (Thermo Fisher Scientific) was added to Erlenmeyer flasks in 50-g aliquots prior to being autoclaved. Course-grain sediment was collected from East Fork Poplar Creek (EFPC) at the National Oceanographic and Atmospheric Administration site, designation EFK 22.3, at Oak Ridge National Laboratories, TN ([@B28]). The stream is shallow and moderately fast flowing, and deep anaerobic sediments are uncommon. Mercury is the major contaminant and exists predominantly in highly sequestered forms (i.e., organically complexed mercury), with total sediment Hg levels of ∼20 to 50 mg/kg ([@B28]). Fifty grams of fresh creek bottom sediment were collected by hand, with a 50-ml conical tube, from an area of sediment accumulation among the generally cobbly bottom, under ∼1 m of water. Sediments were stored on ice until returned to the laboratory. The sediment was dried on a heat block, and 2-g aliquots were measured and placed in grinding vials (SPEX Sample Prep, Metuchen, NJ). Since the sediment was known to undergo Hg methylation, we expected that *hgcAB*^+^ microorganisms would be identified, while the clean sterilized sand was used as a negative control with limited numbers of microorganisms.

The sand and EFPC sediment were spiked with 1 × 10^8^, 1 × 10^7^ or 1 × 10^6^ cells per dry gram sediment from stationary-phase Desulfovibrio desulfuricans (Dv. desulfuricans) ND132 (Deltaproteobacteria), Desulfococcus metallireducens (Firmicutes), and Methanolobus tindarius (Ml. tindarius) (Archaea) and stored overnight at −80°C to emulate environmental sample collection and storage. Cell counts for the culture spikes were determined by hemocytometer with an Axioskop 2 Plus microscope (Carl Zeiss Microscopy, Thornwood, NY). For the strains being tested, the clade-specific qPCR primer sets were further tested for sensitivity, i.e., 40 cycles compared to 30 cycles (see Table S6 in the supplemental material). The copy number of *hgcA* in the culture spikes was determined by extracting the gDNA from cells and quantifying using the clade-specific qPCR primers (see Table S7 in the supplemental material). DNA was extracted from sand and sediment using a modified version of the ORNL2012 protocol ([@B29], [@B30]). Typically, ∼1 μg of gDNA per gram of sediment was recovered from samples amended with 1 × 10^8^ cells, with an *A*~260~/*A*~280~ ratio close to 2.0. For all samples, extracted gDNA was diluted (1:10 and 1:100) and assayed for *hgcAB* presence and *hgcA* abundance with protocols established in this study.

RESULTS AND DISCUSSION {#sec3}
======================

Broad-range qualitative protocol for *hgcAB* diversity. {#sec3-1}
-------------------------------------------------------

Refinement of the annealing temperatures, extension times, and polymerase selection resulted in significantly improved PCR-based detection of *hgcAB* from pure cultures ([Fig. 2](#F2){ref-type="fig"}) and was consistent between the ORNL and SERC laboratories (see Table S3 in the supplemental material). For initial experiments, an annealing temperature gradient (55 to 70°C) was used to cover a wide temperature range (see Tables S3 and S4). As expected, strains with greater GC content required a higher annealing temperature for amplification. For most Deltaproteobacteria, \>64°C improved *hgcAB* amplification and reduced nonspecific amplification. The Firmicutes showed optimal amplification at 59°C, while the Archaea had a broader GC content percentage range, so the temperatures were more variable. Overall, an annealing temperature of 63°C accommodated most strains (see Fig. S1 in the supplemental material).

![Qualitative broad-range PCR results among protocols. PCR with specified primer sets from previous studies (A, Schaefer et al., 2014; B, Liu et al., 2014; and C, Bae et al., 2014) ([@B15][@B16][@B17]), including the newly designed primers for this study (D). Organisms in red are starred and denote microorganisms that do not encode *hgcAB* and should not generate a product, while the rest are *hgcAB*^*+*^ microorganisms that should have a product. Arrow denotes expected band size position (∼950 bp). L, 1 kb plus ladder from Thermo Fisher Scientific.](zam9991174150002){#F2}

The Invitrogen platinum *Taq* DNA polymerase and Apex TaqRed were tested and compared, and differences were noted (see Fig. S1 in the supplemental material). We predicted that the use of an enzyme that was not engineered to be less promiscuous, Apex TaqRed, might better amplify strains whose sequences deviated from the primer sequences and, therefore, serve to amplify more environmental genomes for *hgcAB*. However, because both enzymes worked well on gDNA isolated from pure culture, we do not endorse one enzyme over the other. Because multiple bands were obtained from each pure culture PCR, it is advisable to separate the products for \>2 h by electrophoresis and gel purify the band before sequencing.

The final primer set and protocol properly identified 94% (29 of 31) of the tested strains with a band at ∼950 bp for Hg methylators, and sequencing verified *hgcAB* as the PCR product ([Fig. 2](#F2){ref-type="fig"}; see also Table S1 in the supplemental material). This is a substantial improvement from previous reports, since, in our hands, the protocol used by Schaefer et al. properly identified 84% ([@B15]) while those of Liu et al. ([@B16]) and Bae et al. ([@B17]) identified 45% and 61% of these microorganisms, respectively ([Fig. 2](#F2){ref-type="fig"}). The only *hgcAB*^+^ Deltaproteobacteria not detected properly by our protocol was Dv. inopinatus; however, direct PCR amplification was not feasible, because *hgcA* and *hgcB* are separated by many genes (<http://www.ncbi.nlm.nih.gov/assembly/GCF_000429305.1>). A weak product also appeared for the Desulfovibrio vulgaris strain lacking *hgcAB*. Sequencing revealed that the product was not homologous to *hgcAB* but instead had multiple off-target products. Accurate detection of the Deltaproteobacteria is critical, since this clade contains the highest number of methylators, the sulfate-reducing bacteria (SRB) which have long been implicated as important methylators, and Geobacter spp. which are arguably the strongest methylators ([@B4]). Hence, the Deltaproteobacteria should be a large portion of the *hgcAB* community in sulfate-reducing environments, such as the Florida Everglades. Previous work by Bae et al. (2014) ([@B17]) showed this to be the case and that there were also some Firmicutes and methanogenic Archaea. Bae et al. further concluded that syntrophic Deltaproteobacteria are the major source of Hg methylation in the Florida Everglades. However, use of their protocol in our hands with pure strains of Hg methylators showed that limited diversity may have been captured, including 4/11 Deltaproteobacteria, 5/8 Firmicutes, and 2/7 Archaea ([Fig. 2C](#F2){ref-type="fig"}). These results, along with the recent finding that specific algorithms should be used to filter out false positives from the protein family in which HgcAB resides ([@B5]) and that only 8 of the known 78 Hg-methylating Deltaproteobacteria reside in the order Syntrophobacterales (see <http://www.esd.ornl.gov/programs/rsfa/data/PredictedMethylators/PredictedMethylators_20160420.pdf> \[from 25 April 2016\]), suggest that the abundance of syntrophic Deltaproteobacteria may have been overestimated and the presence of nonsyntrophic sulfate-reducing Deltaproteobacteria may have been underestimated.

Several organisms that encode *hgcA* and *hgcB* in an unusual format, including fused and separated genes, were included in the study for comprehensiveness. Our protocol gave very weak amplification of *hgcAB* at 1 × 10^6^ copies gDNA from the archaeon Pyrococcus furiosus Vc 1, an organism that was amplified according to the protocol by Schaefer et al. ([@B15]). This hyperthermophile is divergent in *hgcAB* nucleotide sequence from other Hg methylators ([@B31]), contains a fused *hgcAB*, does not methylate at near-boiling temperatures ([@B5]), and has four additional mismatches against our primer sequences (see Table S3 in the supplemental material). While Desulfovibrio africanus (Dv. africanus) Walvis Bay ([@B32]) and Dv. inopinatus do possess *hgcA* and *hgcB*, the genes are separated. For Dv. africanus, one gene separates *hgcA* and *hgcB* for an expected band size of 2,365 bp. Amplification produced the expected 2,365-bp amplicon as well as a separate ∼950-bp band. Cloning and sequencing revealed that the latter was a phosphoribosyl pyrophosphate amidotransferase (desaf_3140-1) (data not shown). For Dv. inopinatus, *hgcA* and *hgcB* are on opposites sides of the chromosome, and PCR by our protocol was not possible, as the product size was too large. Last, for the strong methylator Geobacter bemidjiensis Bem ([@B4]), the expected product was produced, although poorly, along with other smaller products. Reasons for this are currently unclear, as there is only one mismatch between the degenerate primers and the sequence.

Clade-specific qPCR primers. {#sec3-2}
----------------------------

Quantitative *hgcA* primer sets were developed and optimized for each of the three clades. For the Deltaproteobacteria and Archaea primers, the reverse primers were positioned within the conserved cap-helix, a GC-rich region, and the forward primers were sited in another conserved region about 100 to 125 bp upstream. After testing, we were able to slightly offset the primer landing pads for the two clades within these regions based on specific areas of conservation for each ([Fig. 1](#F1){ref-type="fig"}). The final Deltaproteobacteria primers had 0 to 3 mismatches with tested Deltaproteobacteria hgcA sequences and \>3 mismatches for *hgcA* in the other clades. For the strains tested, the overall primer amplification efficiencies ranged from ∼60 to 90%, varying with the sequence match and with temperature for the landing pads in each organism (see Tables S3 and S4 in the supplemental material). Estimated detection limits ranged from roughly 10^3^ to 10^5^ *hgcA* copies. Under these conditions, qPCR yielded a single product, as determined by melt curve analysis (data not shown) and gel electrophoresis (see Fig. S2), for 7 of the 11 *hgcAB*^*+*^ Deltaproteobacteria ([Table 2](#T2){ref-type="table"}). Four Deltaproteobacteria generated false negatives (i.e., Dv. africanus, Syntrophus aciditrophicus SB, Dv. inopinatus, and Desulfonatronospira thiodismutans \[Dn. thiodismutans\] ASO3-1) at 2.5 × 10^6^ gDNA copies. This limitation was likely due to divergent gene sequences (see Table S3). With one exception, the chosen Deltaproteobacteria qPCR primers did not amplify a product from any species tested in other clades or from two Deltaproteobacteria lacking *hgcAB* (see Fig. S2).

###### 

Results of clade-specific qPCR of *hgcA*

  Genome source                                                                        Template                                                                       *hgcA* within genome[^*a*^](#T2F1){ref-type="table-fn"}   Deltaproteobacteria qPCR primer set       Firmicutes qPCR primer set                Methanogenic Archaea qPCR primer set                               
  ------------------------------------------------------------------------------------ ------------------------------------------------------------------------------ --------------------------------------------------------- ----------------------------------------- ----------------------------------------- -------------------------------------- ------------- ------------- -------------
  Deltaproteobacteria                                                                  Dv. vulgaris Hildenborough DSM-644                                             −                                                         N.A.[^*c*^](#T2F3){ref-type="table-fn"}   B.D.[^*d*^](#T2F4){ref-type="table-fn"}   N.A.                                   B.D.          N.A.          B.D.
  Anaeromyxobacter dehalogenans 2CP-1 DSM-21875                                        −                                                                              N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          B.D.          
  Geobacter sulfurreducens PCA DSM-12127                                               \+                                                                             79                                                        2.4 × 10^3^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Dv. desulfuricans ND132                                                              \+                                                                             72                                                        9.8 × 10^3^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Desulfococcus multivorans 1be1 DSM-2059                                              \+                                                                             62                                                        1.6 × 10^5^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Dv. africanus Walvis Bay                                                             \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          6.3 × 10^5^   
  Desulfovibrio alkalitolerans RT2 DSM-16529                                           \+                                                                             76                                                        9.8 × 10^3^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Desulfomicrobium baculatum X DSM-4028                                                \+                                                                             82                                                        6.3 × 10^5^                               N.A.                                      B.D.                                   N.A.          2.5 × 10^6^   
  Geobacter bemidjiensis Bem DSM-16622                                                 \+                                                                             N.A.                                                      6.3 × 10^5^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Syntrophus aciditrophicus SB DSM-26646                                               \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          6.3 × 10^5^   
  Geobacter daltonii FRC-32 DSM-22248                                                  \+                                                                             87                                                        9.8 × 10^3^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Dv. inopinatus HHQ 20 DSM-10711                                                      \+                                                                             N.A.                                                      B.D.                                      N.A.                                      1.6 × 10^5^                            N.A.          B.D.          
  Dn. thiodismutans ASO3-1 DSM-19093                                                   \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          6.3 × 10^5^   
  Firmicutes                                                                           Dethiobacter alkaliphilus AHT 1 DSM-19026[^*e*^](#T2F5){ref-type="table-fn"}   \+                                                        N.A.                                      B.D.                                      70                                     1.6 × 10^5^   N.A.          B.D.
  Pelosinus fermentans R7 DSM-17108                                                    −                                                                              N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          B.D.          
  Df. dehalogenans JW/IU-DC1 DSM-9161[^*e*^](#T2F5){ref-type="table-fn"}               \+                                                                             N.A.                                                      B.D.                                      N.A.                                      6.3 × 10^5^                            N.A.          B.D.          
  Desulfosporosinus youngiae JW/YJL-B18 DSM-17734[^*e*^](#T2F5){ref-type="table-fn"}   \+                                                                             N.A.                                                      B.D.                                      84                                        1.6 × 10^2^                            N.A.          2.5 × 10^6^   
  Df. metallireducens 853-15A DSM-15288[^*e*^](#T2F5){ref-type="table-fn"}             \+                                                                             N.A.                                                      B.D.                                      88                                        1.6 × 10^2^                            N.A.          B.D.          
  Syntrophobotulus glycolicus FlGlyR[^*f*^](#T2F6){ref-type="table-fn"} DSM-8271       \+                                                                             N.A.                                                      B.D.                                      N.A.                                      2.5 × 10^6^                            N.A.          B.D.          
  Acetonema longumAPO-1 DSM-6540[^*f*^](#T2F6){ref-type="table-fn"}                    \+                                                                             N.A.                                                      B.D.                                      N.A.                                      2.5 × 10^6^                            N.A.          B.D.          
  Ethanoligenens harbinense YUAN-3 DSM-18485[^*f*^](#T2F6){ref-type="table-fn"}        \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          B.D.          
  Desulfosporosinus acidiphilus SJ4 DSM-22704[^*e*^](#T2F5){ref-type="table-fn"}       \+                                                                             N.A.                                                      B.D.                                      75                                        3.9 × 10^4^                            N.A.          B.D.          
  Archaea                                                                              Methanomethylovorans hollandica DMS1 DSM-15978                                 \+                                                        N.A.                                      B.D.                                      N.A.                                   B.D.          73            3.9 × 10^4^
  Ml. tindarius DSM-2278                                                               \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   79            2.9 × 10^4^   
  Methanoculleus bourgensis MS2 DSM-3045                                               −                                                                              N.A.                                                      2.5 × 10^6^                               N.A.                                      B.D.                                   N.A.          B.D.          
  Methanobrevibacter *smithii* PS DSM-861                                              −                                                                              N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          B.D.          
  Pyrococcus furiosus Vc 1 DSM-3638                                                    \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   N.A.          B.D.          
  Methanospirillum hungatei JF-1 DSM-864                                               \+                                                                             N.A.                                                      B.D.                                      N.A.                                      2.5 × 10^6^                            102           1.3 × 10^4^   
  Methanofollis liminatans DSM-4140                                                    \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   62            3.9 × 10^3^   
                                                                                       Methanocorpusculum bavaricum SZSXXZ DSM-4179                                   \+                                                        N.A.                                      B.D.                                      N.A.                                   B.D.          87            4.9 × 10^4^
  Methanomassiliicoccus luminyensis B10 DSM-25720                                      \+                                                                             N.A.                                                      B.D.                                      N.A.                                      B.D.                                   74            3.7 × 10^4^   
  Methanosphaerula palustris E1-9c[^*g*^](#T2F7){ref-type="table-fn"}                  \+                                                                             N.T.[^*h*^](#T2F8){ref-type="table-fn"}                   N.T.                                      N.T.                                      N.T.                                   N.T.          N.T.          
  Methanocella paludicola SANAE[^*g*^](#T2F7){ref-type="table-fn"}                     \+                                                                             N.T.                                                      N.T.                                      N.T.                                      N.T.                                   76            1.3 × 10^3^   

+, present in genome; −, absent in genome.

Lowest number of copies detected.

N.A., not applicable.

B.D., below detection limit at 30 cycles.

Sulfate-, sulfite-, thiosulfate-, and S^0^-reducing Firmicutes.

*hgcAB*^+^ non-SRB Firmicutes. The Firmicutes-specific qPCR protocol was designed to exclude these strains, and there should be no or limited amplification observed.

Strain that was tested by our protocol but not part of the complete study.

N.T., not tested.

The relatively low amplification efficiencies for these primers were caused, at least in part, by primer degeneracy and primer mismatches with some species. To evaluate the impact of primer degeneracy, a Dv. desulfuricans ND132 specific primer set was tested ([Table 1](#T1){ref-type="table"}; see also Fig. S3 in the supplemental material) using the same base locations and protocol. The Deltaproteobacteria degenerate primer pair contained one set of sequences that was a perfect match for *hgcA* in strain ND132. The nondegenerate primer pair amplified Dv. desulfuricans ND132 gDNA with 98% efficiency, compared to 70% for the degenerate primer set. Lower efficiencies underestimate copy numbers. For example, 6.25 × 10^5^ gDNA copies yielded a critical threshold cycle (*C*~T~) of 18.6 ± 0.2 using the degenerate primer set, compared to 12.4 ± 0.1 for the nondegenerate primer pair. This difference of 6.2 cycles would underestimate the total copies by ∼75-fold.

The methanogenic Archaea qPCR primers were located slightly downstream of the Deltaproteobacteria primers ([Fig. 1](#F1){ref-type="fig"}). Sequence divergence in methanogen *hgcA* is high, so a highly degenerate primer pair was needed to capture that diversity. The calculated forward and reverse primer temperatures were 54.0 to 66.0°C and 54.0 to 64.0°C, respectively; therefore, we were constrained to 50.0 to 55.0°C annealing and extension temperatures. Lower annealing temperatures were examined; however, increased nonspecific amplification was observed (data not shown). The chosen pair amplified a single product of the correct size from 6 of the *hgcAB*^+^ methanogens tested ([Table 2](#T2){ref-type="table"}), as determined by melt curve analysis (data not shown) and gel electrophoresis (see Fig. S4 in the supplemental material). Amplification efficiencies ranged from ∼62 to 102%, and estimated detection limits ranged from roughly 10^3^ to 5 × 10^4^ *hgcA* copies ([Table 2](#T2){ref-type="table"}; see also Table S3). For those Archaea that amplified best, typically fewer than 2 mismatches were observed against the primer sequences (see Table S4). No amplification was observed for methanogens lacking *hgcAB* or from Pyrococcus furiosus, in which the *hgcA* and *hgcB* genes are fused ([@B5]). Because of the high degeneracy (512-fold) for the Archaea forward primer, nonspecific amplification was observed for many non-Archaea strains, but, fortunately, products were not typically observed until after cycle 30. Exceptions were amplification at cycle ∼25 for Syntrophus aciditrophicus with an incorrect band size and Dn. thiodismutans with the correct band size, as observed by melt curve analysis and gel electrophoresis (see Fig. S4).

For the Firmicutes qPCR primer set, we were unable to locate the annealing sites in the cap-helix region of the gene because of insufficient sequence specificity for Firmicutes in that region. A workable primer set was located further downstream in regions that were conserved among the most *hgcAB*^+^ Firmicutes ([Fig. 1](#F1){ref-type="fig"}). Firmicutes hgcA sequences are widely divergent, potentially a result of multiple horizontal gene transfers into the group ([@B5]). To produce a reasonable level of primer degeneracy, we focused primer development on sulfate-, sulfite-, and thiosulfate-reducing (here designated SRB) Firmicutes, the most evolutionarily similar *hgcA* gene grouping within the clade (see Table S4 in the supplemental material). For the final primer set, the SRB Firmicutes strains tested in culture had 0 to 3 mismatches (see Tables S3 and S4) with calculated forward and reverse temperatures of 53.6 to 62.5°C and 45.5 to 53.8°C, respectively. The exceptionally low primer temperature was due to the low GC content for Firmicutes *hgcA* genes. We found it important to follow a 3-step qPCR protocol that included a 47°C annealing step to allow all primers to bind and a separate 58°C extension step to allow for optimal polymerase activity (see Table S5).

The Firmicutes qPCR primer set was tested on all 31 gDNAs ([Table 2](#T2){ref-type="table"}). A single product was observed for all SRB Firmicutes strains, with amplification efficiencies ranging from 70 to 90% and estimated detection limits ranging from roughly 10^2^ to 10^6^ *hgcA* copies. No product was produced for non-SRB Firmicutes or non-Firmicutes strains, as determined by melt curve analysis (data not shown) and gel electrophoresis (see Fig. S5 in the supplemental material). As expected, Dethiobacter alkaliphilus AHT-1 showed the poorest efficiency (see Table S3 in the supplemental material), since 12 of the 44 primer bases were mismatches. Desulfitobacterium dehalogenans (Df. dehalogenans) did not amplify even though there were only 3 mismatches; the low temperature (44.1°C) for the reverse primer may be the cause. False positives were generated from Dv. inopinatus and Methanospirillum hungatei JF-1, but only at the highest abundance tested (2.5 × 10^6^ copies). Interestingly, for Dv. inopinatus, 19 of the 44 bases were mismatches, suggesting that the product amplified was not *hgcA*, although the product was never gel purified and sequenced.

To summarize, we developed qPCR primers that are highly inclusive of known Hg-methylating organisms and highly clade specific. Average amplification efficiencies for *hgcA* using these degenerate primers were roughly 80% for each of the 3 major clades of Hg methylation microbes, and detection limits averaged between about 10^3^ to 10^4^ *hgcA* copies for most organisms tested. Efficiencies varied between 60 and 100% among individual organisms, probably driven by differences in degeneracy, by the degree of match to the primers, and by differences in temperature. These differences in qPCR primer response among organisms will need to be considered as the research community begins method development for application of these primers in nature. Another limitation of the degenerate primer PCR approach is relatively poor detection limits (\>10^5^ copies of *hgcA*) for some organisms, particularly Firmicutes that do not reduce sulfur. Detection limits are of particular concern in environments where overall cell densities are low, or where Hg-methylating organisms make up a small fraction of the community. Table S3 in the supplemental material gives qPCR efficiency and detection limits for many of the organisms used for primer development.

Sediment proof-of-principle experiment. {#sec3-3}
---------------------------------------

As a first test of the primers in complex natural matrices, we evaluated the recovery of *hgcA* and *hgcAB* from Hg-methylating organisms spiked into either sterile sand or freshwater sediment. EFPC creek sediment and autoclaved sand were each spiked with equal cell densities of the 3 cultures, Dv. desulfuricans ND132, Desulfitobacterium metallireducens (Df. metallireducens) and Ml. tindarius, ranging from 10^6^ to 10^8^ cells per gram of dry weight of material. Genomic DNA was extracted from cultures and spiked samples.

The universal PCR primer set yielded a single product, of the expected size, from gDNA from both spiked samples ([Fig. 3](#F3){ref-type="fig"}), along with smaller nonspecific amplified products of ∼0 to 750 bp. No band was observed in the unamended autoclaved sand, but, as expected, gDNA from the unspiked EFPC sediment yielded a presumptive *hgcAB* band. We found that the 5-cycle annealing touchdown step was required to amplify *hgcAB* from the EFPC gDNA samples, while nonspecific amplification products were produced with or without touchdown. The inclusion of a touchdown step should be evaluated during method development for future environmental samples. Interestingly, it appeared that the sand sample spiked with 10^7^ cells did not amplify as well as when spiked with 10^6^ cells. After analysis of all samples by qPCR (discussed below; see also Table S7 in the supplemental material), it was clear that the gDNA from the sand sample spiked with 10^7^ cells was extracted poorly, at about 20% of theoretical levels, compared with 50% and 40% for 10^8^ and 10^6^ cells, respectively.

![*hgcAB*^+^ microorganism spiking experiment. (A) Broad-range PCR results of *hgcAB* with gDNA isolated from autoclaved sand and sediment samples spiked with specified cell copies per dry gram sample with each clade-specific strain: Dv. desulfuricans ND132, Df. metallireducens and Ml. tindarius. L, 1 kb plus ladder from Thermo Fisher Scientific. Arrow points to the 1-kb band. Expected product size is ∼950 bp. (B) Clade-specific qPCR results of *hgcA* with isolated gDNA from spiked sediment samples, with specified cell copy number for each representative strain, 1 × 10^8^, 1 × 10^7^, 1 × 10^6^, and unamended per dry gram sediment (lanes 8 to 11, respectively). Standard curve with gDNA from a representative strain (Dv. desulfuricans ND132, Df. metallireducens, and Ml. tindarius) from each clade (Deltaproteobacteria, Firmicutes, and Archaea, respectively) for each clade-specific protocol at 1 × 10^7^, 1 × 10^6^, 1 × 10^5^, 1 × 10^4^, 1 × 10^3^, 1 × 10^2^, and 1 × 10^1^ cell copies per qPCR (lanes 1 to 7, respectively). L, low-range O′GeneRuler DNA ladder from Thermo Fisher Scientific. Arrow denotes the expected product size for each amplicon (Deltaproteobacteria, 107 bp; Firmicutes, 167 bp; Archaea, 125 bp).](zam9991174150003){#F3}

To evaluate the efficacy of the quantitative primers, we directly compared qPCR results for gDNA extracted from individual organisms with gDNA recovered from the sand and sediment samples, assuming gDNA extraction efficiency would be similar for comparison. To evaluate the *hgcA* amplification from the individual organisms, qPCR was performed on 10-fold dilutions of gDNA, from 10^7^ to 10^1^ genome copies per reaction (see Table S6 in the supplemental material). Forty amplification cycles were run to test detection limits. For the specific organisms used, the qPCR primers were most sensitive for the Df. metallireducens strain and least sensitive for Ml. tindarius. Using gDNA from 10^6^ cells per reaction, qPCRs yielded *C*~T~s of 16, 21, and 28, respectively, for Df. metallireducens, Dv. desulfuricans ND132, and Ml. tindarius (see Table S6). Detection limits, based on the number of copies detected at 30 cycles, were roughly 10^2^, 5 × 10^3^, and 5 × 10^5^, respectively, for these organisms. Lower *hgcA* copy numbers were detectable with more cycles; however, environmental samples should probably be limited to 30 cycles because of nonspecific amplification from some primers at high cycle numbers.

Amplification of gDNA extracted from the spiked sediment and sand samples with the clade-specific qPCR primers produced amplicons of the proper size for *hgcA* in Deltaproteobacteria and Firmicutes ([Fig. 3](#F3){ref-type="fig"}). The overall efficiency of *hgcA* recovery from the spiked samples was determined directly for each of the clades by comparing the copy number of *hgcA* in DNA extracted from the spike sand and soil (minus unamended control values) to the *hgcA* copy number in DNA extracted from the cultures used as spikes (see Table S7 in the supplemental material). Here, we assumed that cells had one copy of *hgcA* per chromosome, based on genomic sequences of known methylators ([@B5]). For example, for sand amended with 1.0 × 10^8^ Dv. desulfuricans ND132 cells, ∼4.83 × 10^7^ cells were recovered, assuming one copy of *hgcA* per cell as determined by qPCR based on comparison with a Dv. desulfuricans ND132 gDNA standard curve. Therefore, a Deltaproteobacteria extraction efficiency of ∼48% was determined for sand amended with 1 × 10^8^ cells. All extraction efficiencies are shown in Table S7. The *hgcA* abundance from sediment was always higher due to endogenous organisms. The Firmicutes extraction efficiencies for sand and sediment were much lower, although consistent, at ∼5%. The thicker cell wall of the Gram-positive Firmicutes compared to the Gram-negative Deltaproteobacteria in conjunction with the gDNA extraction method may be a reason for the difference in extraction efficiency ([@B29], [@B33]). The endogenous levels of *hgcA*^+^ Deltaproteobacteria and Firmicutes were determined to be ∼1.43 × 10^5^ and ∼4.55 × 10^5^ cell copies per dry gram sediment, respectively, after accounting for the average extraction efficiency of all spiked samples ([Fig. 4](#F4){ref-type="fig"}).

![Recovery of *hgcA* from spiked sand and sediment using the clade-specific qPCR primers. Sand and sediment were spiked separately with Dv. desulfuricans ND132 (Deltaproteobacteria), Df. metallireducens (Firmicutes), and Ml. tindarius (Archaea) at the specified cell density per gram of dry weight. Bars show recovered raw abundance of *hgcA* copies and corrected copy numbers after accounting for extraction and amplification efficiency for each clade. No copies of *hgcA* were detected for Deltaproteobacteria or Firmicutes for the unamended sand sample. Archaea data are not shown, as no discrete amplicon of the correct length was detected in the samples.](zam9991174150004){#F4}

As for the Archaea, the results were less clear. From melt curve analysis (data not shown) and gel electrophoresis ([Fig. 3](#F3){ref-type="fig"}) of the sediment amplicon, two dominant products were observed. One product was at the correct position, and the second product was much smaller, thereby artificially inflating the *hgcA* abundance. A more modern take on PCR, epicPCR (emulsion, paired isolation, and concatenation PCR) ([@B34]), may be a solution to the problem observed with the Archaea; however, it is a less routine and more involved method. In short, this approach effectively links phylogeny (via 16S rRNA genes) to the gene of interest (i.e., *hcgA*) followed by sequencing. Therefore, the incorrectly assigned sequences could be excluded from downstream calculations. However, typical PCR amplification limitations would still apply and should still be considered. The inability to recover the methanogen spike in this experiment may have been the result of the specific choice of an organism with poor gDNA extraction efficiency and/or qPCR recovery.

Conclusion. {#sec3-4}
-----------

We have successfully designed and optimized a universal, broad-range degenerate primer set for *hgcAB*. This primer set amplifies an ∼950-bp product, which was sequence verified from gDNA isolated from 26 *hgcAB*^*+*^ pure cultures. The diversity of organisms amplified by our method is much greater than other previously published approaches. The *hgcAB*^*+*^ broad-range primer set serves as an inexpensive diagnostic tool for identifying the presence of Hg methylation potential in environmental samples. We also designed and optimized three clade-specific sets of degenerate qPCR primers that amplify *hgcA*. The novel clade-specific qPCR primer sets will allow for more accurate and robust quantification individually of the three dominant Hg-methylating groups of microorganisms: Deltaproteobacteria, Firmicutes, and methanogenic Archaea that have different abilities to methylate mercury ([@B4]). While they do not amplify from every known Hg-methylating organism, the majority of tested organisms responded to the appropriate primers.

In order to quantitatively apply the *hgcA* qPCR primer sets in natural samples, some *a priori* understanding of community structure may be needed, as well as an evaluation of *hgcA* recovery, by clade or organism, from the sample of interest. During method development, we recommended that 16S rRNA gene diversity profiling and/or *hgcAB* amplification with high-throughput sequencing be employed along with qPCR *hgcA* quantification to more fully evaluate the approach, including the potential for an off-target signal. A more quantitative understanding of gDNA extraction and amplification efficiencies for *hgcAB*^+^ organisms should allow for the development of correction factors to estimate *in situ hgcA* densities.

Development of these primer sets for *hgcA* and *hgcAB* is an important step toward understanding the distribution of Hg-methylating organisms in nature. Adaptation of these primer sets for gene expression in nature should be possible, allowing direct measurement of methylation potential. This new information will lead in turn to the development of robust and sensitive hydrobiogeochemical models of Hg methylation in the environment.
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Supplemental material for this article may be found at <http://dx.doi.org/10.1128/AEM.01271-16>.
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